The perceptual world of neonates is usually regarded as not yet being fully organized in terms of objects in the same way as it is for adults. Using a recently developed method based on electric brain responses, we found that, similarly to adults, newborn infants segregate concurrent streams of sound, allowing them to organize the auditory input according to the existing sound source. The segregation of concurrent sound streams is a crucial step in the path leading to the identification of objects in the environment. Its presence in newborn infants shows that the basic abilities required for the development of conceptual objects are available already at the time of birth.
W
e know that newborn infants can recognize their mother's voice (1) , but can they distinguish their mother's voice in the presence of other sound? In general, can neonates organize sounds by their source? Segregating concurrent streams of sound is a crucial moment of sound organization (2), a prerequisite of perceiving objects and, thus, also of forming conceptual objects (3) . The processes separating concurrent sound sequences use the temporal behavior of various acoustic parameters, of which spectral pitch is the most effective. In adults, fast presentation of sounds selected from two separated frequency ranges results in an unambiguous perception of two different sound streams, one for the lower-and the other for the higher-pitched sounds (2) . Few studies tested whether young (although not newborn) infants can segregate concurrent streams of sound by using behavioral indicators such as the head-turning or the nonnutritive sucking response (4, 5) . The results of these studies have suggested that the mechanisms of auditory-stream segregation may be present in young infants.
Our objective test of auditory-stream segregation is based on the fact that the detection of an auditory regularity often depends on how one organizes the incoming sounds. For example, when a familiar melody is interleaved with other sounds, the perception of the original tune is lost. However, if the sounds of the melody are taken from a pitch range that is distinctly different from that of the interleaved sounds, perception of the melody returns (6) , because the two sets of sounds are treated as two independent sound sequences (i.e., the two sound streams have been segregated).
To determine whether newborn infants segregate two interleaved sound sequences of different frequency ranges, we measured electric brain responses elicited by infrequent deviant tones embedded in the sequence of a repetitive standard tone (the ''oddball'' sequence; see Fig. 1A , control condition). In this tone sequence, deviants elicit a brain response that is not present in the standard-stimulus response, the mismatch negativity (MMN) event-related brain potential (7) . MMN is often followed by another deviation-related electric brain potential, the P3a component (8) . These deviation-related brain responses are elicited irrespective of whether the subject performs some task with or ignores the sounds. However, the MMN response is only elicited if the frequent repetition of the standard tone has been detected by the brain. When randomly varying intervening tones are mixed together with the original oddball tone sequence, the intervening tones prevent the brain from detecting the repetition of the standard tone (Fig. 1C, one-stream condition) . Therefore it is predicted that the brain responses elicited by the standard and deviant tones will not differ from each other in this condition. Transposing the intervening tones to a frequency range that differs from that of the original tone sequence (Fig.  1E , two-stream condition) while keeping the amount of variation of these tones constant allows the brain to segregate the two sets of tones into separate sound streams. If and only if segregation takes place will the deviation-related brain responses reemerge. Therefore, the elicitation of these brain responses indicates segregation of the original and intervening tones.
This test of auditory-stream segregation, which does not require subjects to perform some task with or report their perception of the sounds, has already been tested successfully in adults (9, 10) and school-age children (11) , and the results were found to be fully compatible with the subjects perception of the sound streams (10, 11) . Because deviation-related electric brain responses can be measured in newborn and older infants (12) (13) (14) (15) (16) (17) (18) , auditory-stream segregation could be tested in newborns.
Methods
The study protocol was approved by the Ethics Committee of the Hospital for Children and Adolescents (infant experiments) and the Ethical Committee of the Institute for Psychology (adult experiments).
Subjects. Fourteen healthy newborn infants (2-5 days of age, gestational age 38-42 weeks, seven females) and eight young adults (18-23 years of age, six females) participated in the experiments. Written informed consent was obtained from the subjects (adult experiments) or their parents (infant experiments) after the nature and procedures of the experiment were explained to them. All subjects had normal hearing (checked with otoacoustic emissions in infants and audiometry in adults). Infants were measured in active sleep, and adults watched a self-selected movie without sound. Data from three newborn infants were rejected from analysis because of changes in the sleep stage during the recording. Another three infants' data were rejected due to an excessive number of high-amplitude electric artifacts.
Stimuli. Control condition. As depicted in Fig. 1A , simple sinusoid tones of 50-ms duration (including 5-ms linear rise and 5-ms fall times) were presented with a uniform 750-ms onset-to-onset interval. Tone frequency was 1,813 Hz. Frequent softer (61-dB sound pressure level, 90% probability) and infrequent louder The responses to the standard and deviant tones significantly differed from each other in both groups of subjects, and they were similar to those elicited in the control condition. (G) In the presentation-rate control experiment, ''intervening'' tones were identical to the frequent tones (same frequency and same intensity). (H) Presentation-rate control experiment responses. The responses to the standard and deviant tones significantly differed from each other in both groups of subjects and were similar to those elicited in the control and two-stream conditions of the main experiment.
(76-dB sound pressure level, 10% probability) tones were delivered in a randomized order. One-stream condition. As depicted in Fig. 1C , two intervening tones were introduced between consecutive tones of the control sequence, reducing the uniform tone onset-to-onset interval to 250 ms. The intervening tones equiprobably took on one of four frequency (1,655, 1,732, 1,898, or 1,986 Hz) and one of four intensity (66, 71, 81, or 86 dB sound pressure level) levels, 16 different tones altogether, and were delivered in a randomized order. Two-stream condition. As depicted in Fig. 1E , the tone frequencies of the intervening tones were lowered to 250, 262, 287, and 300 Hz from the values used in the one-stream sequences. All other parameters were retained.
For each condition, two stimulus blocks were delivered. Each stimulus block contained 900 standard and 100 deviant tones (oddball sequence). One-and two-stream sequences contained 2,000 intervening tones in addition to the 1,000 tones of the oddball sequence. Tones were delivered through loudspeakers to infants and through headphones to adults. Presentation-rate control experiment. This experiment, depicted in Fig. 1G , was designed to test whether shortening the onset-toonset time from 750 ms (control condition) to 250 ms (onestream condition) in and of itself could qualitatively modify the electric brain responses. To test this possibility, the parameters of all intervening tones were set to equal the corresponding parameters of the frequent tone (frequency, 1,813 Hz; intensity, 61 dB). All other stimulus parameters and experimental procedures were exactly as in the one-and two-stream conditions. Three stimulus blocks of this type were delivered to seven healthy newborn infants (1-4 days of age, gestational age 39-42 weeks, four females) and four stimulus blocks to eight young adults (18-24 years of age, five females). All subjects had normal hearing.
Data Collection and Measurement. The electroencephalogram was recorded from seven scalp locations (F3, F4, C3, Cz, C4, P3, and P4 of the international 10-20 system) against the common electric reference (the linked mastoids for infants and the tip of the nose for adults). The electrooculogram was recorded between electrodes placed lateral to the outer canthi and between electrodes placed above and below the right eye. Signals were digitized at 250-Hz sampling frequency (0-to 40-Hz band limits) and offline-filtered with a bandpass of 1-16 Hz. For each stimulus, epochs of 550-ms duration including a 100-ms prestimulus period were extracted from the continuous electroencephalogram͞electrooculogram record. Epochs with a voltage change Ͼ100 V were rejected from further analysis. On average, 60 deviant and 370 standard responses were retained for newborns (175 deviant and 3,771 standard responses in the presentation-rate control experiment), and 180 deviant and 1,310 standard responses were retained for adults (328 deviant and 6,923 standard responses in the presentation-rate control experiment). Responses were averaged separately for different stimulus types (the standard vs. deviant tones), condition (control vs. one-stream vs. two-stream stimulus sequences), and experiment. Amplitude measurements, which were averaged from 30-ms intervals in the right frontal (F4) traces centered on the peaks identified in the group-average difference waveforms, were referred to the mean voltage in the Ϫ20-to ϩ20-ms period serving as the baseline.
Results
Control Condition. In infants, the deviant tones elicited an electric brain response that was positively displaced in the 180-to 400-ms poststimulus latency range, compared with the response to the standard tone (Fig. 1B Left) . In adults, the deviant tones elicited a response that was negatively displaced in the 100-to 180-ms (MMN) and positively in the 180-to 280-ms (P3a) latency range, compared with the response elicited by the standard tone (Fig.  1B Right) . The differences between the responses elicited by the deviant and standard tones indicate that the deviant tones were processed differently from the standard tones in both groups of subjects. The actual brain responses of newborns and adults, of course, are quite different (for reviews of the maturation of electric brain responses, see refs. [19] [20] [21] and, because newborns were asleep during the experiment, only a positive electric brain-response difference was elicited in them (14) , whereas adults showed both a negative (MMN) and a positive (P3a) response difference.
One-Stream Condition. In newborns as well as in adults, the responses elicited by the deviant and standard tones did not differ significantly from each other (Fig. 1D) . It seems that the loudness variation introduced by the intervening tones eliminated the differential processing of the standard and deviant tones that only differed in this feature. The lack of differential processing demonstrates that all tones were integrated into a single sound stream, which allowed the intervening tones to interfere with the detection of the repetition of the standard tone.
Two-Stream Condition. In both newborn infants and adults, the electric brain responses elicited by the standard and deviant tones (Fig. 1F) were very similar to the respective responses measured in the control condition (Fig. 1B) . Thus, in the two-stream condition, again, the deviant tones were processed differently from the standard tones, just as it was in the absence of the intervening tones (in the control condition). This result shows that the control and intervening tones were segregated into separate sound streams, which eliminated the interfering effect of the intervening tones.
It should be noted that the amount of variation of the intervening tones was kept constant across the one-and twostream conditions. Intensity varied exactly the same way in the two conditions, whereas the frequency variation was proportionally equal between the conditions. Moreover, variation in frequency would not have affected the elicitation of different brain responses by the standard and deviant tones, because previous studies showed that variation in one feature does not interfere with the elicitation of change-related brain potentials by deviations in another feature (22, 23) . Therefore, the different pattern of results obtained in the one-and two-stream conditions was caused by the different amounts of frequency separation between the standard͞deviant and intervening tones. The intervening tones could only interfere with the detection of the repetition of the standard tones when they were grouped together with them but not when they were segregated into a separate sound stream (2, 6).
Presentation-Rate Control Experiment. Deviant tones elicited discriminative electric brain responses in both groups of participants (Fig. 1H) . The morphology of the event-related potential responses was quite similar to those recorded in the control and two-stream conditions of the main experiment in both newborn babies and adults. This result demonstrates that the faster presentation rate alone could not have caused the different pattern of results observed in the one-stream and two-stream conditions.
The observed differences across the three conditions of the main experiment were significant in both groups of subjects. ANOVA tests revealed a significant effect of condition on the voltage difference between the responses to deviant and standard tones [in newborns, F (2, 14) F(2,14) ϭ 4.38, P Ͻ 0.05, ϭ 0.76 for the late, 215-to 245-ms interval]. Post hoc Newman-Keuls tests revealed significant differences between the responses elicited in the one-stream and the other two conditions (P Ͻ 0.05 for both comparisons in newborns and P Ͻ 0.005 for both comparisons in adults, early interval). In the adults but not in the newborns, the voltage difference measured in the control condition was significantly more negative in the early interval than that in the two-stream condition (P Ͻ 0.005).
Discussion
The present results demonstrate that auditory streaming occurs in newborn infants. By using the same paradigm as in the current experiment, our previous studies in adults (10) and school-age children (11) showed full correspondence between the elicitation of deviance-related brain responses and the perception of separate auditory streams for the oddball sequence and the intervening tones. Furthermore, the difference found in the electric brain responses could not have been caused by frequency separation between the control (standard and deviant) and intervening tones per se. With a constant frequency separation between high and low tones, the presentation rate controls whether the high and low tones are perceived as two separate sound streams (fast presentation rates) or as a single stream that includes all tones (slow presentation rates) (2) . In full accordance with this defining characteristic of auditory streaming, it has been shown that, when sequences of high and low tones with separate regular characteristics were mixed together, increasing the rate of stimulus presentation (while frequency separation remained constant) resulted in the elicitation of deviancerelated brain responses by occasional violations of one or the other acoustic regularity (9) . Therefore, we conclude that the current results demonstrated the operation of auditory-stream segregation mechanisms in newborn infants.
The MMN brain response is elicited when a sound mismatches the neural representation encoding the regularities of the preceding sound sequence. In the control condition of the current experiment, this representation encoded all of the features of the repetitive standard tone, including its intensity level. The louder deviant tones mismatched this representation and, thus, elicited the deviation-related brain responses. However, loudness was not a regular feature of the one-stream condition, because intensity varied randomly in the composite tone sequence (the oddball sequence plus the intervening tones). Therefore, in this condition, the deviant tones did not mismatch the neural representations of auditory regularities, because these representations did not encode intensity and the deviant tone was identical to the standard tone in every other feature. In the two-stream condition, in which the high-pitched tones of the oddball sequence were segregated from the low-pitched intervening tones, two separate representations were formed, one for each of the two auditory streams (24) . The high stream was, of course, identical to the control-condition tone sequence. Therefore, the regularity representation formed for this stream included the intensity of the standard tone, causing deviant tones to elicit the deviation-related brain responses.
The operation of auditory stream segregation in newborn infants signifies that neonates possess the perceptual mechanisms necessary to separate the sound sources in their environment such as distinguishing their mother's voice from other concurrent sounds. Although the segregation of voice streams is based as much on timbre as on pitch cues, the operation of stream-segregation processes based on pitch separation suggests that the basic brain mechanisms responsible for representing multiple simultaneously active sound sources must already be functional at the time of birth. This ability underlies the infant's orientation in the world and provides the basis for selecting coherent subsets from the wealth of incoming information, thus enabling the development of cognitive abilities such as selective attention, speech perception (distinguishing speech from nonspeech sounds and separating concurrent streams of speech from each other), social skills, and memory (by distinguishing and, subsequently, correctly representing objects) (25, 26) .
